Abstract. In this paper, we used the multiconfiguration Dirac-Fock method to compute with high precision the influence of the hyperfine interaction on the [Ar]3d 10 4s4p 3 P0 level lifetime in Zn-like ions for stable and some quasi-stable isotopes of nonzero nuclear spin between Z = 30 and Z = 92. The influence of this interaction on the [Ar]3d 10 4s4p 3 P1 − [Ar]3d 10 4s4p 3 P0 separation energy is also calculated for the same ions.
Introduction
It has been found before that the hyperfine interaction plays a fundamental role in the lifetimes and energy separations of the 3 P 0 and 3 P 1 levels of the configurations 1s2p in He-like [1, 2, 3, 4, 5, 6, 7, 8, 9] , [He] 2s2p in Be-like [10, 11, 12] , and [Ne]3s3p in Mg-like [11, 13] ions, and also in 3d 4 J = 4 level in the Ti-like ions [14] . In the He-like ions, in the region Z ≈ 45, these two levels undergo a level crossing [15] and are nearly degenerate due to the electron-electron magnetic interaction, which leads to a strong influence of the hyperfine interaction on the energy splitting and on the 3 P 0 lifetime for isotopes with nonzero nuclear spin. In Be-like, Mg-like and Zn-like ions a level crossing of the 3 P 0 and 3 P 1 levels has not been found [16] , but hyperfine interaction still has strong influence on the lifetime of the 3 P 0 metastable level and on the energy splitting, for isotopes with nonzero nuclear spin.
Until recently, laboratory measurements of atomic mestastable states hyperfine quenching have been performed only for He-like systems, for Z = 28 to Z = 79 [3, 4, 5, 8, 17, 18, 19, 20] . Hyperfine-induced transition lines in Be-like systems have been found in the planetary nebula NGC3918 [12] . Measured values of transition probabilities were found to agree with computed values [11, 21] .
Divalent atoms are being investigated, both theoretically and experimentally, in order to investigate the possible use of the hyperfine quenched 3 P 0 metastable state for ultraprecise optical clocks and trapping experiments [22] .
Recently, dielectronic recombination rate coefficients were measured for three isotopes of Zn-like Pt 48+ in the Send offprint requests to: J. P. Marques
Heidelberg heavy-ion storage ring TSR [23] . It was suggested that hyperfine quenching of the 4s4p 3 P 0 in isotopes with non-zero nuclear spin could explain the differences detected in the observed spectra.
In this paper we extend our previous calculations [2, 10, 13] to the influence of the hyperfine interaction on the 1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 4s4p levels in Zn-like ions. In Fig. 1 we show the energy level scheme, not to scale, of these ions. The 3 P 0 level is a metastable level; onephoton transitions from this level to the ground state are forbidden, and multiphoton transitions have been found to be negligible in similar systems, so the same behavior can be expected for Zn-like ions. Therefore, in first approximation, we will consider the lifetime of this level as infinite. The energy separation between the 4 3 P 0 and 4 3 P 1 levels is small for Z values around the neutral Zn atom and increases very rapidly with Z. Hyperfine interaction is expected to have a strong influence on the energy splitting and on the 4 3 P 0 lifetime for isotopes with nonzero nuclear spin.
The different steps of this calculation are described in Refs. [2, 24] . Here we will emphasize only the fundamental topics of the theory and the characteristic features of Znlike systems.
In this work we used the multi-configuration DiracFock code of Desclaux and Indelicato [25, 26, 27 ] to evaluate, completely ab initio the 4s4p fine structure energies and transition probabilities.
Several terms, such as the nonrelativistic (J independent) contribution to the correlation, are the same for all levels. In this calculation Breit interaction is included, as well as radiative corrections, using the method described, for instance, in Ref. [28] and references therein. The MCDF method, in principle, allows for precise calculations because it can include most of the correlation relatively easily, i. e., with a small number of configurations. Here, correlation is important in the determination of transition energies to the ground state, which are used in the calculation of transition probabilities. We found that the largest effect is obtained by using [Ar]3d 10 4s 2 and 4p 2 as the configuration set for the ground state. For the excited states we included all configuration state functions (CSF) originated from [Ar]3d 10 4s4p, 4p4d, and 4d4f (which is usually defined as intrashell correlation), because in second-order perturbation theory the dominant energy difference denominators correspond to these configurations. Correlation originating from interaction with the Ar-like core has been neglected. In particular we included, in a test calculation, spin-polarization from s subshells and found a negligible influence in both energies and transition probabilities. We note that the fine structure energy separation, ∆E 0;f s = E3 P1 − E3 P0 , which is the important parameter in the calculation of the hyperfine quenching, is not very sensitive to correlation, similarly to what we found for systems with smaller number of electrons [10, 13] . The same set of CSF have been used for energy, transition probabilities, and for the calculation of the hyperfine matrix elements.
All energy calculations are done in the Coulomb gauge for the retarded part of the electron-electron interaction, to avoid spurious contributions (see for example Refs. [29, 31] ). The lifetime calculations are all done using exact relativistic formulas. The length gauge has been used for all transition probabilities.
2 Relativistic calculation of hyperfine contribution to fine structure splitting and to transition probabilities
In the case of a nucleus with nonzero spin, the hyperfine interaction between the nucleus and the electrons must be taken into account. The correspondent Hamiltonian can be written as
where M (k) and T (k) are spherical tensors of rank k, representing, respectively, the nuclear and the atomic parts of the interaction. As in the case of He-like, Be-like and Mg-like ions, the only sizable contribution from Eq. (1) is the magnetic dipole term (k = 1). The hyperfine interaction mixes states with the same F = J + I values. In our case, we are interested in the 3 P 0 level, so J = 0 and F = I. The contribution of this interaction for the total energy has been evaluated through the diagonalization of the matrix:
Here, E f is the unperturbed level energy and Γ f is the radiative width of the unperturbed level (f = 0, 1, 2 stands, respectively, for
In reality there is a fourth level, 3 P 2 , which we included in all calculations but was found unnecessary, because the influence of this level in the 3 P 0 lifetime is negligible. This can be explained by the large energy separation between the 3 P 2 and 3 P 0 levels and also because the probability of the allowed M2 transition 4s4p 3 P 2 → 4s 2 1 S 0 is many orders of magnitude smaller than those of the E1 transitions 4s4p 3 P 1 → 4s 2 1 S 0 and 4s4p 1 P 1 → 4s 2 1 S 0 . Also, the magnetic dipole hyperfine matrix element between the 3 P 2 and 3 P 0 levels is very small. This also leads to a negligible influence of the 3 P 2 level on the 3 P 1 − 3 P 0 separation energy. This is consistent with the results of Plante e Johnson [32] , who found that the magnetic quadrupole term of the hyperfine interaction affects the 3 P 2 level only at high Z. The influence of the 1 P 1 level, however, must be taken into account, specially for light nuclei, because the large energy separation between 1 P 1 and 3 P 0 levels is compensated by the much shorter lifetime of the 1 P 1 level. The hyperfine matrix element
may be written as
where I is the nuclear spin and F the total angular momentum of the atom, and may be put in the form:
The 6j symbol leads to W 0,0 = 0. Also the nuclear magnetic moment µ I in units of the nuclear magneton µ N may be defined by
with µ N = eh/2πm p c. The electronic matrix elements were evaluated on the basis set
The final result is then obtained by a diagonalization of the 3 × 3 matrix in Eq. (2), the real part of each eigenvalue being the energy of the correspondent level and the imaginary part its lifetime.
Results and discussion
The MCDF method has been used to evaluate the influence of the hyperfine interaction on the [Ar]3d 10 4s4p 3 P 0 , 3 P 1 and 1 P 1 levels for all Z values between 30 and 92 and for all stable and some quasi-stable isotopes of nonzero nuclear spin. Contributions from other levels have been found to be negligible. A detailed list of the contributions to the the theoretical 3 P 0 , 3 P 1 and 1 P 1 level energies is presented in Table 1 , for Z = 36, 54, and 82.
In Table 2 we present, for all possible values of the nuclear spin I, Z, and the mass number A, the diagonal and off-diagonal hyperfine matrix elements W i,j , and the nuclear magnetic moment, µ I [37] , in nuclear magneton units. The indexes 0, 1, and 2 in the hyperfine matrix elements stand for 3 P 0 , 3 P 1 , and 1 P 1 , respectively. In Table 3 are presented, for all possible values of I, Z, and A, the unperturbed separation energies ∆E 0 = E3 P1 − E3 P0 , the hyperfine-affected separation energy ∆E hf , the 4s4p 3 P 1 and 4s4p 1 P 1 levels lifetime values, τ 1 and τ 2 , respectively, which are not affected, within the precision shown, by the hyperfine interaction, and finally the perturbed lifetime τ 0 of the 4s4p 3 P 0 level. As we pointed out before, the unperturbed value of τ 0 is assumed to be infinite.
In Fig. 2 is plotted the difference E = ∆E hf − ∆E 0 as a function of Z for the different possible values of nuclear spin. The influence of the hyperfine interaction on this energy is shown to increase slowly with Z, the increase becoming more rapid for Z 60.
In Fig. 3 is plotted the perturbed 4s4p 3 P 0 level lifetime τ 0 , for the different nuclear spin values I, as a function of Z. One can easily conclude that the opening of a new channel for the decay of the 4s4p 3 P 0 level has a dramatic effect on its lifetime.
After submitting this paper, it was brought to our attention the work by Liu et al [38] , which contains independent calculations of the hyperfine quenched lifetime of the 3 P 0 level in several Zn-like ions. Our results for this lifetime are three times higher than the values found by Liu et al for Z = 30 and 1.5 higher at Z = 47. To look for the origin of this discrepancy we used the 3 P 1 → 1 S 0 and 1 P 1 → 1 S 0 transition energies and probabilities of Liu et al to diagonalize the matrix in eq. 2 and obtained results very close to our own calculations. As we do not know the values of the hyperfine matrix elements calculated by Liu et al, the reasons for this discrepancy remain unknown.
One of the most interesting practical implication of these calculations comes from the relationship between the 4s4p 3 P 0 − 4s4p 3 P 1 levels energy separation and the 4s4p 3 P 0 level lifetime (Eq. 2). As referred in [13] this energy separation can be estimated from a measurement of the hyperfine-quenched 4s4p 3 P 0 lifetime of Zn-like ions with nuclear spin I = 0. This method has been demonstrated for heliumlike Ni 26+ [4] , Ag 45+ [3] , Gd 62+ [17] and Au 77+ [8] . In the Zn-like ions case, as in the corresponding Be-like and Mg-like ions, the situations is different, because, even for the highest Z values, the lifetimes involved are much longer than in heavy heliumlike ions. However, measurements of Be-like hyperfine quenched transition rates have been performed from astrophysical sources [12] and the hyperfine quenching of the Zn-like 195 Pt 48+ ion was observed in the TSR heavy-ion storage-ring [23] .
The continuous progress in storage rings, ion sources and ion traps leads us to believe that lifetimes between 0.1 s and 10 µs could be measured, with some accuracy, by directly looking at the light emitted by the ions as a function of time, after the trap has been loaded. Very good vacuum inside the trap is needed, of course, if long lifetimes are to be measured. It remains to be demonstrated that this method is experimentally feasible. Such experiments would be able to provide, for different isotopes, the unperturbed energy separation, because nuclear magnetic moments are well known. This would be an interesting way to test our relativistic calculations. gal), financed by the European Community Fund FEDER, and by the French-Portuguese collaboration (PESSOA Program, Contract n
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